Abstract. Fibroblast growth factor 18 (FGF18) increases cell motility and invasion in colon tumors, and is linked with ovarian and lung tumors. Furthermore, the increased expression of FGF18 mRNA and protein has been associated with poor overall survival in cancer patients. However, its function has not been investigated in breast cancer. In the present study, we demonstrated that FGF18 promoted cell growth and metastasis in vitro and stimulated tumor growth in xenograft models in vivo. FGF18 mediated the proliferation of MDA-MB-231 cells via the ERK/c-Myc signaling pathway and induced epithelial-to-mesenchymal transition (EMT) factors to promote cancer migration and invasion. The decreased expression of FGF18 was strongly correlated with the loss/reduction of p-ERK, c-Myc, N-cadherin, vimentin and Snail 1 protein in MDA-MB-231 cells. Collectively, our results indicated that FGF18 played an important role in the growth and metastasis of breast cancer via the ERK/c-Myc signaling pathway and EMT, indicating that FGF18 may be a potential molecular treatment target for breast cancer.
Introduction
Breast cancer is the most prevalent cancer in women worldwide and accounts for approximately 25% of all cancer cases among women (1, 2) . In spite of the significant increase in the survival rates of breast cancer patients during the last decades, the leading cause of cancer-related mortality among women remains breast cancer (3) . However, the mechanisms of progression and metastasis of breast cancer are still poorly understood. Hence, further mechanistic explorations are crucial to the discovery of new targeted drug treatments for breast cancer.
The FGF family contains 23 recognized members acting on 5 FGF receptors that are composed of an intracellular domain, a transmembrane region and an extracellular portion (4) . Members of the FGF family regulate numerous cellular and physiology processes including cell differentiation, growth, tissue repair, angiogenesis, morphogenesis, inflammation, tumor growth and the development of the embryo and the skeleton (5) (6) (7) (8) . The FGF family increases the motility, proliferation, invasiveness, and migration of many different cells (9) (10) (11) . The important role of FGF18 in limb development and skeletal growth, probably through the modulation of osteoclasts, chondrocytes and osteoblasts, has been investigated (12) . Furthermore, the expression of FGF18 in colon and ovarian tumors was upregulated, and tumor progression as well as poor overall survival in patients were highly related to the increased expression of FGF18 mRNA and protein (13) (14) (15) .
The MAPK (mitogen-activated protein kinase) signaling pathway is a highly conserved intracellular pathway that has vital effects in the transmission of signals to the nucleus, where it transcriptionally mediates genes that participate in various cellular processes. The MAPK pathway is also correlated with pancreatic, colon, brain and breast cancer development. It is commonly abnormally activated, increasing proliferation, migration and invasion characteristics through a downstream pathway including extracellular signal-regulated kinase (ERK), PI3K/AKT, p38 and JNK pathways during neoplastic transformation (16, 17) . The ERK signaling pathway, one of the downstream pathways of MAPK, is involved in cell proliferation, differentiation, and migration (18) . FGFs stimulate specific signaling pathways after activating FGFRs, such as ERK, AKT, protein kinase C and phospholipase Cγ. As one of the MYC family of transcription factors, the c-Myc protein has a fundamental effect on cellular transformation, apoptosis and cell cycle progression (19, 20) .
Epithelial-to-mesenchymal transition (EMT) is a process in which epithelial cells are converted to migratory and invasive cells. EMT activation is closely associated with cancer cell motility and invasiveness (21) . A group of EMT-inducing transcription factors (EMT-TFs) is functionally activated during the EMT cellular program. Mesenchymal markers, such as N-cadherin, vimentin and Snail 1, activate EMT cellular programs in epithelial cells. N-Cadherin is commonly expressed in mesenchymal cells, however high expression of N-cadherin is associated with increasing motility and invasion in some cancer cells. N-cadherin is not required for EMT development, however it promotes EMT by inducing cell migration abilities (22, 23) . Vimentin mediates cell migration ability in numerous cell types. In fibroblasts, vimentin filaments bind the nucleus to the plasma membrane and play a vital role in the formation of vimentin-associated matrix adhesions that are dynamically turned over in migrating cells (24) . Snail 1, one of the transcription suppressors, has been found to participate in regulating the early development of EMT, and the expression of Snail 1 is highly linked to metastasis in primary human breast tumors (25, 26) . In the present study, we investigated the role of FGF18 in the growth and metastasis of breast cancer, as well as its possible mechanisms, and discovered a potential targeted therapeutic agent for breast cancer.
Materials and methods
Cell culture and treatment. The human breast cancer cell line (MDA-MB-231) was provided from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Grand Island, NY, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and penicillin-streptomycin solution and incubated at 37˚C with 5% CO 2 .
siRNA transfection. Lipofectamine TM 3000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to perform cell transfection, following the manufacturer's instructions. For the FGF18 functional analysis, the MDA-MB-231 cells were transfected with negative control FGF18 (FGF18-NC), and FGF18 siRNA, all obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China). The sequences of the reagent were as follows: NC, 5'-UUC UCC GAA CGU GUC ACG UTT-3'; siRNA1, 5'-GCA UUG CCU GUG UUU ACA TT-3'; siRNA2, 5'-GCA AGG AGU GUG UGU UCA UTT-3'; and siRNA3, 5'-GCA AGG AGA CGG AAU UCU ATT-3'. The transfection complexes of siRNA and Lipofectamine™ 3000 were added into the cells in serum-free medium for 48 h. RT-qPCR and western blot analysis were used to screen whether siRNA had been successfully transfected.
Lentivirus packaging and stable cell lines. FGF18 overexpression lentivirus (FGF O), FGF18 knockdown (FGF18 KO) lentivirus and control check vectors (FGF18 CK) were designed and packaged by GenePharma. MDA-MB-231 cells were transfected with lentivirus/medium at a ratio of 1:50. Stable cell lines were selected by puromycin (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at the concentration of 5 µg/ml for a two-week period. The lentivirus vectors had enhanced green fluorescent protein (eGFP) which could provide the means to screen the efficiency of transfection using a microscope.
CCK-8 proliferation assay. The proliferation of breast cancer cells was examined by CCK-8 assay (Dojindo Laboratories, Japan). MDA-MB-231 cells were stimulated with 0, 10, 20 and 50 ng/ml FGF18 (MultiSciences Biotech Co., Ltd., Hangzhou, China). ERK inhibitor (10 µmol/ml, FR180204; Selleck Chemicals, Shanghai, China) was added to 96-well cell culture plates. Cells (2x10 3 ) were seeded into each well with 100 µl culture media. The same treatment was used for MDA-MB-231/FGF18-NC, MDA-MB-231/siFGF18 cell lines. Following 24, 48, 72, 96 and 120 h, 100 µl fresh medium was replaced with 10% CCK-8 in each well. Subsequently, the cells were incubated for an additional 2 h at 37˚C. The absorbance was determined at 450 nm wavelength with a microplate reader (Tecan Austria GmbH, Grödig, Austria). All tests were performed in triplicate.
Colony formation assay. For the cells to form colonies, a total of 700 MDA-MB-231 cells with 0, 10, 20 and 50 ng/ml FGF18 or 10 µmol/ml ERK inhibitor were added to 6-well plates and maintained in medium with 10% FBS. The medium was replaced every 4 days. After 2 weeks, the colonies were fixed with methanol and stained with 0.1% crystal violet for 20 min. The visible colonies were manually counted. Each experiment was repeated at least three times independently.
Wound healing scratch assay. MDA-MB-231 cells with 0, 10, 20 or 50 ng/ml FGF18 were seeded in a 6-well cluster plate (2x10 6 cells/well) with 2 ml of complete DMEM. The same treatment was used for MDA-MB-231/FGF18-NC, and MDA-MB-231/siFGF18 cell lines. A clean and uniform scratch was made in the single layer of cells with a sterile pipette at 24 h. The assay was performed three times. Images were captured from each well every 24 h to determine the width of the wound.
Invasion and migration assays. Cell migration and invasion assays were performed using a Tanswell chamber (8 mm, 24-well format; Corning; Sigma-Aldrich) that was coated with or without 150 µl of ice-cold diluted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in DMEM basal medium and incubated overnight at 37˚C. MDA-MB-231 cells with 0, 10, 20 or 50 ng/ml FGF18 at a density of 2x10 4 (migration)/5x10 4 (invasion) were seeded on the upper chamber in serum-free medium. The lower chamber was filled with 600 µl of 10% FBS-supplemented medium; 20 h later, the reduced cells were removed by a cotton swab in the top chamber, and then were fixed with methanol. Crystal violet (1%) was used to stain cells outside the inserts for 20 min. The same treatment was used for MDA-MB-231/FGF18-NC and MDA-MB-231/siFGF18 cell lines. A light microscope (Olympus Corp., Tokyo, Japan) was used to count the number of invading cells on the membrane and the results were calculated as the means ± SD. The assay was repeated three times.
Flow cytometry analysis. Cells were collected after stimulating with 0, 10, 20 or 50 ng/ml FGF18 for two days and resuspended in cold PBS, and then stained with a cell cycle staining kit (MultiSciences Biotech Co., Ltd.) according to the manufacturer's protocol. The same treatment was used for the MDA-MB231/FGF18-NC and MDA-MB231/siFGF18 cell lines. Data were analyzed using flow cytometry (BD Biosciences).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted with TRIzol reagent (Takara Bio, Inc., Otsu, Japan) and cDNA was synthesized using PrimeScript RT reagent (Takara Bio) following the manufacturer's protocol. The PCR program used for amplification was as follows: i) 94˚C for 30 sec; ii) 94˚C for 30 sec; iii) 55˚C for 30 sec; iv) 72˚C for 1 min and ; v) 72˚C for 10 min.
Steps ii) through iv) were repeated 35 times for β-actin and other genes. The following PCR primers were used: FGF18 forward sequence, 5'-GGA CAT GTG CAG GCT GGG CTA-3' and reverse, 5'-GTA GAA TTC CGT CTC CTT GCC CTT-3'. All PCR reactions were performed using the fluorescent SYBR Green I methodology. Tumor xenograft mouse model. The animal experiments were approved by the Animal Management Rule of the Chinese Ministry of Health and were in accordance with the approved guidelines and the experimental protocols of Nanjing Medical University. All twenty BALB/c nude female mice used in this experiment were purchased from The Model Animal Research Center of Nanjing University (Nanjing, China). We divided the mice into four groups: i) FGF18 control check (FGF18 CK); ii) FGF18 overexpression (FGF18 O); iii) FGF18 knockdown (FGF18 KO); and iv) ERK inhibitor group. Subsequently, each 5-week-old mouse was subcutaneously injected with MDA-MB-231 cells (2x10 6 ) suspended in 200 µl of PBS. The ERK inhibitor group was injected with FR180204 at the dose of 20 mg/kg/day, administered intraperitoneally. The tumor was visible at 2 weeks after injection. Tumor sizes and body weight were monitored every 3 days. After 29 days, the nude mice were sacrificed by cervical dislocation and the tumor volume was calculated following the formula: Ixb 2 x0.5 (I and b are the largest perpendicular lengths of the tumor). The longest tumor exhibited by a single subcutaneous had been indicated, and none of the mice presented multiple tumors. The tumor tissues were frozen immediately at -80˚C for further study.
Statistical analysis. Each experiment was repeated three times and data are presented as the mean ± standard error. Data were analyzed using SPSS 10.0 software (SPSS, Inc., Chicago, IL, USA). One-way ANOVA was used to determine the difference among at least three groups, while a t-test was used to analyze differences between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results

FGF18 improves the proliferation of MDA-MB-231 cells.
To explore the effects of FGF18 on MDA-MB-231 cells, we used a cell proliferation assay with various FGF18 concentrations and exposure times. Fig. 1A displays that MDA-MB-231 cell proliferation was stimulated by FGF18. However, the proliferation did not differ with different concentrations of FGF18. Colony formation assays (Fig. 1B and C) revealed the proliferative promotion ability of FGF18, and the number of colonies formed in MDA-MB-231 cells with the number of colonies being markedly higher with 50 ng/ml FGF18 than with lower doses. These results revealed that FGF18 has an important effect in increasing the proliferation of breast cancer cells.
FGF18 regulates the cell cycle progression of MDA-MB-231 cells.
To further investigate how FGF18 stimulated MDA-MB-231 cell proliferation, the role of FGF18 on cell cycle kinetics was analyzed to explore how FGF18 mediated the cell cycle. We found that the percentage of G 0 /G 1 phase increased and the percentage of S phase decreased from FGF18 stimulation relative to the untreated MDA-MB231 cells ( Fig. 1D and E) . These results suggest that FGF18 promotes the proliferation of breast cancer cells by increasing the percentage of cells in G 0 /G 1 phase.
FGF18 mediates the promotion of cancer cell proliferation via the ERK/c-Myc signaling pathway in MDA-MB231 cells.
We demonstrated that FGF18 significantly stimulated the proliferation of MDA-MB231 cells, however the underlying mechanisms were unclear. Therefore, a western blot analysis was used to investigate the effects of FGF18 on signal transduction in the MAPK pathway. We incubated the MDA-MB231 cells with 0, 10, 20 and 50 ng/ml FGF18 for 48 h, and collected the total protein lysates. These protein lysates were subjected to western blotting with p-ERK1/2 and ERK1/2 antibodies. The level of p-ERK1/2 increased with FGF18 stimulation ( Fig. 2A and B) , and the expression of c-Myc rose significantly relative to the untreated control MDA-MB231 cells (Fig. 2C and D) . To further confirm the effects on the ERK pathway, we used the specific inhibitor FR180204 (ERK inhibitor) and found that at a concentration of 10 µmol/ml, FR180204 could significantly inhibit the proliferation of MDA-MB231 cells with the stimulation of FGF18 (Fig. 2E) . Furthermore, c-Myc protein was also changed by the inhibitors (Fig. 2F-G) . These results indicated that FGF18 promoted the proliferation of MDA-MB231 cells via modulations of the ERK/c-Myc signaling pathway.
FGF18 promotes the migration and invasion of MDA-MB-231 cells and regulates EMT-inducing transcription factors.
The wound healing scratch assays revealed that after treatment with 10, 20 and 50 ng/ml FGF18 for 24 h, the migration distance of MDA-MB-231 cells significantly increased (Fig. 3A and B) .
Furthermore, Transwell assays also confirmed our findings on the effect of FGF18 on the migration enhancement of MDA-MB-231 cells (Fig. 3C and D) . High concentration of FGF18 significantly enhanced the invasiveness of the MDA-MB-231 cells (Fig. 3E and F) . Furthermore, the protein expression levels of N-cadherin, vimentin and Snail 1 increased after stimulation with FGF18 in a dose-dependent manner, particularly at the concentration of 50 ng/ml ( Fig. 3G and H) . These results indicated that FGF18 promoted the invasion and migration of MDA-MB-231 cells by increasing EMT-inducing transcription factors.
FGF18 siRNA inhibits cell proliferation, migration and invasion of MDA-MB-231 cells. RT-qPCR indicated that siFGF18
significantly reduced the expression of FGF18 in MDA-MB-231 cells compared with the control group (Fig. 4A) . In addition, the results of the western blot analyses were consistent with the mRNA data, demonstrating that the FGF18 was successfully knocked down using siRNA (Fig. 4B and C) . Following cell transfection, we evaluated the cell proliferation of MDA-MB-231 cells. The OD values were significantly reduced in the siFGF18 group in comparison with the control group (Fig. 5A) , and colony formation assays revealed that the number of colonies of MDA-MB-231 cells with siFGF18 decreased (Fig. 5B and C) , indicating that siFGF18 inhibited cell proliferation. The proportion of MDA-MB-231 cells in the G 0 /G 1 phase also decreased ( Fig. 5D and E) . The expression of c-Myc protein decreased in the siFGF18 group, with a 58% protein inhibition rate. The level of p-ERK protein was obviously reduced in the siFGF18 group in comparison to the control group (Fig. 5F and G) . The wound healing and Transwell assays also revealed that the migration ability in the siFGF18 group decreased in comparison with the control group (Fig. 6A-D) .
Additionally, the invasion ability of shFGF18-transfected MDA-MB-231 cells was reduced significantly (Fig. 6E and F) . The expression of N-cadherin, vimentin and Snail 1 proteins decreased significantly following siFGF18, with 55, 46 and 39% protein inhibition rate respectively ( Fig. 6G and H) . These results indicated that FGF18 siRNA suppressed cell proliferation through the ERK/c-Myc signaling pathway, and reduced the migration and invasion abilities of MDA-MB-231 cells by mediating EMT-inducing transcription factors.
Efficacy of FGF18 xenograft models of MDA-MB-231 cells.
Xenograft models to investigate tumor growth promotion via FGF18 in vivo , using RT-qPCR revealed that the expression of FGF18 mRNA in the FGF18 O group transfected with lentivirus (the overexpression group) increased in comparison with the FGF18 CK group (control check) and the expression of FGF18 in the FGF18 KO (knockdown) group decreased compared with the FGF18 CK group (Fig. 7A) . The results of the expression of FGF18 protein examined by western blot analysis were consistent with the mRNA data. Furthermore, the expression of FGF18 in tumor tissues was also examined by RT-qPCR and western blot analysis, and the findings were still consistent with the in vitro results (Fig. 7D-F) . As above-mentioned, the model of overexpression and knockdown of FGF18 could be successfully built following lentivirus transfection. As displayed in Fig. 7G and H, the xenograft tumor sizes of the FGF18 O group were significantly larger than in the other groups, and the tumor sizes of the FGF18 KO group were markedly smaller than the other groups. In addition, the FGF18 O group was regarded as the control of ERK inhibitor and the FGF18 O + ERK inhibitor group had markedly smaller tumor sizes compared with the FGF18 O group (Fig. 7G and H) . These results indicated that FGF18 promoted MDA-MB-231 cell growth in vivo, and ERK inhibitor could significantly prevent the growth of MDA-MB-231 cells in response to the FGF18 stimulation. 
Discussion
Research has demonstrated that FGF and FGFR family have an important relationship with the progression of breast cancer. FGF1 could have an important role in human breast cancer growth and patients with high levels of bFGFR may have a more favorable prognosis (27) . FGF-2/FGFR interaction led to complex signal transduction pathways and to the activation of a 'proangiogenic phenotype' in the endothelium, which regulated the proliferation, migration and survival of breast cancer cells (28) . The growth of lung and colon cancer cells were induced by the high expression of FGF18 (29, 30) and FGF18 increased ovarian tumor growth and metastasis (14) . In the present study we observed that FGF18 promoted the growth and metastasis of MDA-MB-231 cells. To the best of our knowledge, this study is the first to report the effects of FGF18 in breast cancer cells.
MAPKs (JNK1/2, ERK1/2 and p38) participate in the growth and metastasis of many tumors, such as breast, lung, ovarian, colorectal and prostate cancer (31) (32) (33) . Similarly, the ERK signaling pathway may mediate factors related to the and poor prognosis and progression in breast cancer (34) . The c-Myc proto-oncogene is a senior administrator of the cell, helping to allocate resources and direct proliferation, apoptosis, differentiation and growth (35) . A recent study also revealed that the c-Myc gene was involved in most aspects of the cellular function, such as the growth, replication, apoptosis, differentiation and metabolism in breast cancer (36) . FR180204 (specific inhibitor for ERK) was used to identify whether ERK was involved in the progression of MDA-MB-231 cells. We found that the proliferation in response to FGF18 was reduced with the inhibition of ERK, and the expression of the target gene c-Myc decreased. These investigations indicated that the activation of ERK induced the proliferation of MDA-MB-231 cells by increasing the expression of the target gene c-Myc. In addition, in vivo, the tumor sizes of mice in the FGF18 O + ERK inhibition group were similar to the tumor sizes of the FGF18-NC group. These findings indicated that EMT plays an important role in the acquisition of migration and invasion capabilities by improving mesenchymal phenotypes and motility (37) . FGF18 mediates Wnt-dependent stimulation of CD44-positive human colorectal adenoma cells (30) and the Wnt signaling pathway is involved in the progression of EMT (38, 39) . We observed that FGF18 increased the expression of EMT-inducing transcription factors N-cadherin, vimentin and Snail 1, indicating that FGF18 may induce the progression of EMT in breast cancer cells and then promote the migration and invasion capabilities of MDA-MB-231 cells. However, EMT progression can be induced through several other signaling pathways including TGF-β and Notch (40, 41) . The underlying mechanism of EMT-inducing factors mediated by FGF18 has not been investigated. Therefore, further studies exploring the mechanisms of migration and invasion in MDA-MB-231 cells should be undertaken.
Furthermore, it was confirmed that the transfection of siFGF18 could suppress the expression of FGF18 gene and reduce the effects of growth and metastasis of MDA-MB-231 cells. The expression of ERK, c-Myc, N-cadherin, vimentin and Snail 1 in human MDA-MB-231 cells was detected by western blot analysis following siRNA-FGF18 transfection. These results indicated that the use of siFGF18 can be a potential treatment for breast cancer.
However, in the preliminary experiment of this study, we observed that the effect of FGF18 only functioned in the MDA-MB-231 cells compared with several other cell lines (SUM1315MO2, SKBR3 and MCF 7). All of these results is not mentioned in the present study. The ERK signaling pathway may be involved in these differences. Our future study would be to explore the underlying molecular mechanisms of the above-mentioned phenomenon. Using only one cell line was a limitation of the present study, and a greater number of cell lines would further support our conclusions.
In conclusion, the present study revealed that through the ERK/c-Myc signaling pathway and EMT transition, FGF18 had a significant effect on the growth and metastasis of breast cancer cells, demonstrating that FGF18 provided a potential target for the effective treatment of breast cancer. Further studies of breast cancer, exploring the link between FGF18 and the survival, relapse and metastasis of patients are required.
